The aim of this study was to differentiate normal and scarred hamster cheek pouch samples by applying a quantitative image analysis technique for determining collagen fiber direction and density in second-harmonic generation microscopy images. This paper presents a collagen tissue analysis of scarred cheek pouches of four adult male Golden Syrian hamsters as an animal model for vocal fold scarring. One cheek pouch was scarred using an electrocautery unit and the other cheek was used as a control for each hamster. A homebuilt upright microscope and a compact ultrafast fiber laser were used to acquire depth resolved epi-collected second-harmonic generation images of collagen fibers. To quantify the average fiber direction and fiber density in each image, we applied two-dimensional Fourier analysis and intensity thresholding at five different locations for each control and scarred tissue sample, respectively. The resultant depth-resolved average fiber direction variance for scarred hamster cheek pouches (0.61 AE 0.03) was significantly lower (p < 0.05) than control tissue (0.73 AE 0.04), indicating increased fiber alignment within the scar. Depth-resolved average voxel density measurements indicated scarred tissues contained greater (p < 0.005) fiber density (0.72 AE 0.09) compared to controls (0.18 AE 0.03). In the present study, image analysis of both fiber alignment and density from depth-resolved second-harmonic generation images in epi-detection mode enabled the quantification of the increased collagen fiber deposition and alignment typically observed in fibrosis. The epi-detection geometry is the only viable method for in vivo imaging as well as imaging thick turbid tissues. These quantitative endpoints, clearly differentiating between control and scarred hamster cheek pouches, provide an objective means to characterize the extent of vocal fold scarring in vivo in preclinical and clinical research. In particular, this non-invasive method offers advantages for monitoring scar treatments in live animals and following the effects of scarring-related treatments such as application of steroids or drugs targeting pathways involved in fibrosis. SCANNING 9999:1-10, 2016.
Introduction
Vocal fold scarring is one of the predominant causes of voice disorders, affecting an estimated 2-6 million people in the United State alone (Ramig and Verdolini, '98; Roy et al., 2004 Roy et al., , 2005 Best and Fakhry, 2011; Cohen et al., 2012; Bhattacharyya, 2014) . Vocal fold scarring arises as a wound healing response to injury or inflammation and results in collagenous scar tissue which impairs vibration (Rousseau et al., 2004; Tateya et al., 2005 Tateya et al., , 2006 Hirano et al., 2009) by reducing the viscoelasticity of the vocal fold. During the wound healing response, scar tissue can replace the superficial lamina propria (SLP) along with deeper parts of the lamina propria (LP). The scar tissue predominantly consists of collagen and fibronectin, both of which increase the stiffness of the mucosa and can lead to severe impairment in voice production or dysphonia (Hirano, 2005) . Unfortunately, current methods for treating vocal fold scarring are inconsistent and frequently ineffective, and there is currently no accepted treatment for restoring phonation to scarred vocal folds (Woo et al., '94; Benninger et al., '96; Kriesel et al., 2002; Thibeault et al., 2002; Zeitels and Healy, 2003; Hirano, 2005; Hansen and Thibeault, 2006; Zeitels et al., 2007) .
In scarred vocal folds, collagen fibers are found to be more organized and densely packed compared to normal vocal folds (Rousseau et al., 2003 (Rousseau et al., , 2004 Yildirim et al., 2013; Heris et al., 2015) . The collagen fiber orientation and density are important in determining biomechanical properties of biological tissues (Provenzano et al., 2006; Thomopoulos et al., 2006; Hadian et al., 2007; Bayan et al., 2009; Robinson and Tranquillo, 2009 ). The gold standard method to determine collagen fiber density and direction is to stain tissue sections with picrosirius red or Masson's trichrome. This analysis requires complex and destructive sample preparation to stain collagen fibers, and analysis is typically based on subjective scoring systems, which limits comparisons among different studies. Thus, there is a need to develop a nondestructive technique to resolve collagen fibers in three-dimensional (3D) tissues and automatically quantify fiber density and directionality to provide objective endpoints for evaluating the treatment of vocal fold scarring.
The hamster cheek pouch model has been widely used as a model for mucosal disease processes such as carcinogenesis (White et al., '81; Kingsbury et al., '97; Adams et al., 2000; Driver et al., 2005; Meier et al., 2007; Vairaktaris et al., 2008) . Like the vocal fold mucosa, there is a squamous epithelium, an underlying lamina propria (which is thinner than specialized vocal fold lamina propria) and then a thin layer of striated muscle. The layered structure is analogous to the vocal fold although the thickness of the constituent layers is thinner in the cheek pouch. The cheek pouch is much more accessible and has a larger area than the vocal fold. While the surface area of one vocal fold is a few mm 2 in laboratory rodents, the hamster cheek pouch area that can be everted through the mouth is a fold of mucosa that is about 100 mm 2 on each side. Thus, the size of the cheek pouch, the fact that it can be everted for treatment or imaging, and the analogous anatomical organization of the tissue layers are the main advantages of this model. Using this model, one could track the development of scar in vivo or follow the effects of scarring-related treatments such as application of steroids or drugs targeting pathways involved in fibrosis.
Multi-photon nonlinear imaging microscopies such as two-photon autofluorescence microscopy (TPAF) and second-harmonic generation (SHG) microscopy can perform noninvasive and 3D deep tissue imaging with subcellular resolution using tightly focused ultrashort pulses (Zipfel et al., 2003a,b) . Second-harmonic generation microscopy is a coherent two-photon process necessitating intense ultrashort laser pulses passing through a highly polarizable material with a noncentrosymmetric molecular organization, such as collagen fibers (Campagnola and Loew, 2003) . Second-harmonic generation microscopy has shown to be a highly functional and noninvasive tool to obtain 3-D resolved collagen distribution and density in fibrotic tissues (Strupler et al., 2007) , human skin (Cicchi et al., 2008) , human cadaver vocal folds (Miri et al., 2012) , porcine vocal folds (Yildirim et al., 2013) , and rat vocal folds (Heris et al., 2015) . Different computational methods have been suggested to quantify the average fiber direction and fiber density in an image obtained by different imaging modalities. The Fourier transform is most commonly applied to compute the two-dimensional (2D) power spectral density (PSD) of an image (Levitt et al., 2007; Ayres et al., 2008; Cicchi et al., 2010; Sivaguru et al., 2010) . Sampling the average power of the PSD at pixels corresponding to different angles can yield an accurate measure of the total fiber orientation distribution in the image (Bayan et al., 2009) . More complex fiber orientation measurements also have been demonstrated, such as defining and tracking fiber objects through energy minimization or line propagation algorithms (Mori and Van Zijl, 2002; Rodriguez et al., 2009; Bas and Erdogmus, 2010) . Also, a set of zero-crossing maps was generated to form a stability map from which significant linear patterns (fiber directions) were detected (Liu, '91; Heris et al., 2015) . In terms of the fiber density, the common method is to set a threshold intensity manually for forming a binary image and to count the number of pixels whose intensities are equal to 1 (Strupler et al., 2007; Medyukhina et al., 2011; Heris et al., 2015) . In addition to determine collagen fiber direction and density, geometrical organization (Medyukhina et al., 2011) , and geometrical properties (Cicchi et al., 2010) of the collagen fibers were determined to differentiate normal and scarred tissue samples.
In a parallel effort, we have developed an algorithm to rapidly and accurately detect fiber orientation (Quinn and Georgakoudi, 2013) and applied it to quantify fiber organization in cutaneous scar tissue (Quinn et al., 2015) . For the fiber density calculations, we select appropriate intensity thresholds determined by the Otsu's method, which calculates the optimal threshold intensity by dividing the signal and background values so that their combined variance is minimal (Otsu, '79; Provenzano et al., 2006; D'Amore et al., 2010) . Thus, our method is less susceptible to uncertainties in collagen fiber density measurement due to manually determined intensity threshold values, which have been commonly used, in previous studies (Strupler et al., 2007; Medyukhina et al., 2011; Heris et al., 2015) .
The aim of the present work is to compare control and scarred hamster cheek pouch samples by quantifying collagen direction and density with an automated SHG image analysis technique to see if this method can differentiate between these two tissue states. This technique is based on taking the Fourier transform (FT) and calculating the 2D power spectral density of depth-resolved SHG images to determine collagen fiber direction. Additionally, our technique utilizes Otsu method for automatic intensity thresholding of the SHG signal to calculate any differences in collagen fiber density. Overall, this work illustrates the feasibility of utilizing SHG imaging and automated image analysis techniques as pragmatic approaches easily applicable in vivo to non-invasively quantify collagen organization in scarred vocal folds and guide surgical interventions.
Materials and Methods

Experimental Setup
We used our home-built, upright laser-scanning microscope to perform second-harmonic generation (SHG) imaging ( Fig. 1 ) using an ultrafast Er-doped fiber laser (Discovery, Raydiance Inc.). This laser provides 3 W average power at 1,552 nm (1.5 mJ pulse energy) and 1 W when frequency doubled to 776 nm (0.5 mJ pulse energy) at 2 MHz with a 600 fs pulse width. Since the number of photons generated in two-photon based microscopies is inversely proportional with duty cycle (multiplication of repetition rate and pulse width), moderate repetition rates in the range of 1-10 MHz are optimal for SHG imaging with reasonable imaging speeds (Wang et al., 2014) . Thus, having 2 MHz repetition rate enabled us to image using approximately an order of magnitude less average power compared to those studies using standard high repetition rate Ti: sapphire lasers (Heris et al., 2015) .
We focused 776 nm excitation wavelength with a 0.75-NA, 20Â air objective (Nikon Plan Apo) to perform SHG imaging in epi-detection mode. The epi-detection geometry is the only viable method for in vivo imaging as well as imaging thick turbid tissues. Thus, the same objective was used for excitation and collection. By collecting in the epi-direction, from a thick turbid tissue, our signal was likely a combination of backward SHG and backscattered SHG, and thus lacked any sensitivity to the directionality of the SHG signal. We compensated the laser power attenuation due to absorption and scattering coefficients of the samples, as we imaged deeper in the tissue. The laser power was adjusted at each depth according to the optical properties of specific tissue type and its SHG signal histogram in a way that only 0.1% of overall pixels were saturated in each image.
Emitted light is collected by a cold mirror (CM1-HT-1.00, CVI Laser, Carlsbad, CA) and collection optics (CO) placed right behind the objective. A second cold Fig. 1 . Schematic of the upright microscope system for nonlinear imaging. (a) Ultrafast laser pulses at 776 nm from a compact fiber laser system are attenuated using a combination of half-wave plate (l/2) and polarizing cube beam splitter (PCBS). Another half-wave plate is used to adjust the polarization state of the laser. Laser pulses are scanned by a pair of galvanometric scanning mirrors (SM), which is imaged on the back aperture of the 0.75 NA, 20Â objective by a pair of scan lens (SL) and tube lens (TL). The samples are placed on a three-axis motorized stage (XYZ) for nonlinear imaging. Emitted light (either TPAF or SHG signal) is collected by a cold mirror (CM1) and collection optics (CO). A second cold mirror (CM2) separates SHG and TPAF signals into different collection paths.
mirror (CM2-Di01-R405, Semrock, Lake Forest, IL) separates the SHG and two-photon autofluorescence (TPAF) signals into different collection paths. We collect the TPAF signal through collection optics A (COA) and a laser-blocking filter (FA) into the PMT A (H10770PA-40, Hamamatsu, Japan) and the SHG signal through collection optics B (COB) and a laser-blocking filter B (FB) into the PMT B (R3896, Hamamatsu, Japan). In our experiments, we adjusted linear polarization angle of the incoming laser beam with using another half wave plate (HWP) so that we obtained maximum SHG signal for each sample to maximize our sensitivity to collagen fiber density. Further details of the experimental setup can be found in our previous study (Yildirim et al., 2013) .
To measure the resolution of our system, we suspended 100 nm fluorescent beads (Invitrogen, F8803) in agar gel which replicated the expected tissue scattering lengths (30-35 mm), and measured the point spread function (PSF) at imaging depths ranging from 50 to 500 mm. The average lateral and axial full width half maximum (FWHM) of the two-photon PSF were 0.58 AE 0.07 mm and 2.51 AE 0.35 mm, respectively. We scanned the laser beam in the x-and y-axes using a pair of galvanometric mirrors (Cambridge Technologies, Inc.) and swept the focal spot over a 150 Â 150 mm 2 field of view (FOV) for 3.3 s to take 10 images of the same FOV. The axial displacement between consecutive SHG images was 2 mm, and the imaging depth was increased until the signal to background ratio (SBR) became 1. The maximum SHG imaging depth was approximately 120 mm for all control and scarred tissue samples, reaching the theoretical maximum imaging depths as will be discussed below. The computer software (MPScan) was used to reconstruct these signals into 512 Â 512 pixel images at 3.05 frame per second (fps) with pixel dwell time of 1.25 ms. Since the laser repetition rate was 2 MHz, each pixel received at least two laser pulses. We therefore averaged 10 images for each plane to smoothen pixel-to-pixel fluctuations.
Automated SHG Image Analysis Method
Collagen fiber direction in the SHG images was determined in a similar manner to previous Fourierbased analysis approaches (Bayan et al., 2009; Quinn and Georgakoudi, 2013) . Each 8-bits, gray scale image is composed of pixels that vary spatially in intensity. Rapid changes in intensity are indicative of object edges and thus fiber orientation can be quantitatively analyzed through a 2D Fourier transformation of the image into frequency space. Prior to transformation, SHG images were apodized using a Hann window to eliminate discontinuities at the edges of the image. A power spectral density (PSD) was computed from real and imaginary parts of the 2D discrete Fourier transform and provided the relative magnitudes of the underlying frequency components of the image. Rapid changes in intensity across an image at a given orientation are reflected by greater power density values in the orthogonal direction in Fourier space. Because the PSD map is symmetrical about the origin located in the center of the map, we assigned each PSD pixel location with polar coordinates relative to the origin. Average PSD values were computed in discrete increments of 1˚within spatial frequencies ranging from 0.05 to 0.5 pixels À1 to obtain orientation distribution histograms for each image. The average collagen fiber direction and directional variance were calculated from the orientation distribution of each image through vector addition . Directional variance values range from 0 (perfectly aligned fibers) to 1 (isotropic/random organization). Thus, our method could estimate the level of isotropy of collagen fibers independent of their absolute direction which may be affected by the laser polarization.
Collagen fiber density in the SHG images was obtained by computing the number of pixels with intensities exceeding an optimum threshold intensity relative to the total number of pixels. To automate the determination of this optimum threshold intensity, we used Otsu's method (Otsu, '79 ). Otsu's method is a nonparametric and unsupervised method for automatic threshold selection for 2-D images using the zeroth-and the first-order cumulative moments of the gray-level histograms.
To perform a reliable image analysis in terms of the selections of the region of interest (ROI) without any bias, we chose five different locations in a 1.7 mm 2 region for all control and scarred samples. Each ROI consisted of 150 Â 150 Â 120 mm 3 tissue block. To reduce bias in the selection of the ROI, the center of the first tissue block location was randomly selected and the center of other four ROIs were selected 1 mm apart from the center of the first tissue block in four directions (east, west, north, and south) (Yildirim et al., 2013) . For each tissue block, average fiber direction and density results were calculated by averaging corresponding 2-D results over the whole tissue block between depths where collagen fibers first appeared and signal to background ratio became one. Then, we averaged all five tissue block results to calculate overall fiber direction and density for each control and scarred sample.
Animal Model
We used four adult male Golden Syrian hamsters (Charles River Labs, Wilmington, MA) of 100 to 120 g body weight, in which scars could be created within an easily accessible mucosal surface. To scar the cheek pouches, we first anesthetized the animals by injecting a mixture of ketamine (200 mg/kg) and xylazine (8 mg/kg) intraperitoneally. We then cauterized 5-10 mm diameter circular areas of one cheek pouch with an electrocautery unit (Conmed Saber 2400, Utica, NY). The hamsters were euthanized after a survival period of 1 month using 0.5 mL intraperitoneal euthasol. The scarred and contralateral normal cheek pouches were removed and mounted on rubber test-tube stoppers with fine needles to hold the cheek pouch mucosa flat. After rinsing with saline, the tissue was frozen in isopentane and cooled in liquid nitrogen. The cheek pouch tissue was prepared at Massachusetts General Hospital Voice Laboratory (MGH) in Boston and shipped on dry ice to the Ben-Yakar Laboratory at the University of Texas at Austin for bench-top testing. After delivery, the cheek pouches were stored at À80˚C. For each experiment, we thawed the cheek pouches in saline solution and covered them with a glass cover slip to flatten their epithelial surface to compensate aberrations with the objective. To ensure the proper identification of the tissue surface with TPAF, 5 mL of a solution of 100 nm fluorescent beads (F-8823, Invitrogen) in saline was deposited onto the tissue surface prior to placement of the cover slip. All experimentation followed an animal use protocol that was approved by the Committee on Animal Care and the Institutional Animal Care and Use Committee of the Massachusetts General Hospital and The University of Texas at Austin. All surgical procedures and housing of animals took place at the Massachusetts General Hospital.
Statistical Analysis
Paired Student's t-tests were used to compare the collagen fiber directional variance and density between scarred and controlled cheek pouches with a ¼ 0.05.
Results
Figure 2 represents SHG nonlinear images used to characterize the direction and density of collagen fibers in normal and scarred hamster cheek pouches. Qualitative interpretation of the SHG images of normal (Fig. 2a) and scarred (Fig. 2d) tissue samples revealed that collagen fibers were denser and more aligned in scarred samples than control samples. We performed a quantitative analysis for collagen fiber direction and density using the methods described above. In a representative example, the FT results showed that scarred tissue sample (Fig. 2e) had a directional variance of 0.61 and the amplitude of the dominant direction was at least fourfold greater than other directional angles. On the other hand, control tissue sample (Fig. 2b) had a higher variance of 0.70 and more importantly the amplitude of the dominant direction was comparable to most of the other directional angles. After determining fiber direction in the SHG images, we performed automated intensity thresholding to obtain the collagen fiber density. A representative example of this analysis showed that the fiber density in the scarred tissue sample (Fig. 2f) was fourfold higher than the fiber density in the control tissue sample (Fig. 2c) .
To reveal the distribution of collagen fiber direction as a function of imaging depth, we report a depthresolved plot of collagen fiber orientation for the normal and scarred tissue samples discussed above in Figure 3 . Here, the corresponding average power is also included as a color bar on the right hand side of the figure. The normal tissue sample (Fig. 3a) had no dominant fiber direction for the entire 120 mm imaging depth. On the other hand, the scarred tissue sample (Fig. 3b) showed significant fiber alignment between 40 and 100 mm imaging depth. The average fiber direction was 130 AE 5ẘ
hich remained approximately constant in the range of 40-100 mm imaging depth. As expected collagen fibers did not appear in the epithelial layer of the tissue between 0 and 40 mm depths. Beyond 120 mm, the SHG imaging quality degraded substantially as the SBR approached to 1.
To evaluate the utility of these quantitative metrics and understand inter-and intra-sample variations in fiber density and direction, we performed depthresolved fiber direction and fiber density analysis at five different locations with four different normal and scarred tissue samples as shown in Figure 4 . The collagen fiber directional variance (p < 0.005 for Samples 1, 3, and 4 and p < 0.05 for Sample 2) was lower in scarred tissues than control ones, indicating all scarred tissue samples had more aligned collagen fibers than the controls (Fig. 4a) . In addition, the fiber densities in scarred tissues were three to fivefolds higher (p < 0.005) than control tissues for all four samples (Fig. 4b) . Overall, both fiber direction and fiber density analysis revealed a statistically significant difference between control and scarred tissue samples.
Discussion
The development and evaluation of effective treatments necessitate understanding and objectively characterizing structural changes during vocal fold scarring. Density and organization of the extracellular matrix (ECM) components determine the biomechanical function of the lamina propria (Billiar and Sacks, 2000; . Several previous studies have addressed the orientation and density of collagen fibers in the lamina propria in relation to vocal fold scarring. In some of these studies, collagen density has been determined by performing immunohistology and nonlinear imaging. These studies have shown that collagen became thicker, more organized, and denser (two to fivefolds) in mature scarred vocal folds (Rousseau et al., 2003 (Rousseau et al., , 2004 Yildirim et al., 2013) . Early stages of vocal fold scarring, on the other hand, showed low or high density and disorganized collagen fibers (Thibeault et al., 2002; Rousseau et al., 2003) . These differences in collagen density among previous studies may be attributed to the fact that there is a different timeline for remodeling stages of vocal fold scarring where there is an ongoing process of collagen synthesis. Similarly, wound-healing studies suggest that as remodeling progresses (20 days to 1 year), collagen fibers become thicker and more organized (parallel arrays) with eventual crosslinking (Ehrlich, 2000) .
Unlike collagen fiber density, fiber direction has not been thoroughly evaluated in previous vocal fold scarring studies. One recent study, however, characterized the microstructure of scarred rat vocal folds using forward collected SHG microscopy of thin slices and found the dispersion of the collagen fiber directionality to be lower than the one in uninjured control tissues (Heris et al., 2015) . Similarly, in our study, the average fiber directional variance values were significantly lower (p < 0.05) in scarred tissues (0.61 AE 0.03) compared to control ones (0.73 AE 0.04), indicating increased fiber alignment in the scar. Lower fiber directional variance values in scar tissues are also consistent with other measurements in mature scars from a rat model of cutaneous burns (Quinn et al., 2015) .
In general, intensity threshold based techniques to calculate collagen fiber density, depend on the chosen intensity threshold. To minimize the effects of intensity threshold, our approach counts all the collagen pixels above a certain threshold rather than taking the mean intensity of all those pixels. Therefore, it is less susceptible to intensity variations among fibers related to their fibril organization. Furthermore, we adjusted the laser excitation power to maximize the SHG signal with saturating 0.1 % of the pixels and to compensate for loses due the optical properties of samples at each depth. This approach consequently reduced the effect of intensity variations due to scattering and absorption in our calculations. While forward to backward ratio and polarization-sensitive SHG methods can provide additional context regarding the molecular organization within fibers, these are however time consuming measurements and difficult to perform in vivo and 3D thick tissues. Most frequently, they are performed on thin sections or ex vivo samples. With epi-detected SHG imaging method, we offer a more pragmatic approach that is easily applicable in vivo.
Since routine histology is a destructive method requiring complex processing steps, SHG microscopy is a valuable alternative to non-invasively determine collagen fiber direction and density for assessing the progression of vocal fold scarring. The analysis of SHG microscopy has the ability to provide results that are consistent with the histological evaluation of tissues. In our previous work, for example, we found that the scarred tissue samples showed regular and dense pattern of collagen fibers as compared to control samples when they were stained with Masson-Trichrome (Yildirim et al., 2013) . This high directional and high density collagen fiber trend was consistent in both histology and SHG microscopy results for all four samples. When combined with the presented analysis metrics, SHG imaging could provide a means to non-destructively monitor vocal fold scarring in research studies and, given future development of endoscopic probes, in the clinic.
Nonlinear imaging modalities such as TPAF and SHG are well suited for high-resolution in vivo imaging. Second-harmonic generation microscopy specifically resolves collagen fibers because of their non-centrosymmetric characteristics. On the other hand, both elastin and collagen fibers in the extracellular matrix autofluoresce, reducing the specificity of TPAF for collagen fibers. Since SHG is an inherent nonlinear imaging modality, it can provide deep tissue imaging of unstained tissues. SHG microscopy provided approximately 120 mm imaging depth within hamster cheek pouches in this study. The maximum imaging depth in SHG microscopy is highly dependent on the optical properties of tissues. It has been shown that the maximum imaging depth for TPAF can vary between 3-4 scattering lengths near 800 nm excitation wavelengths for different tissue types (Theer and Denk, 2006; Durr et al., 2011) . Since the scattering length of hamster cheek pouches has been found to be 30-35 mm at 776 nm wavelength (Yildirim et al., 2013) , the maximum imaging depth should be in the 100-150 mm range, corresponding well with our experimental results. Thus, SHG microscopy is a good candidate for clinical evaluation of scarring in the superficial lamina propria of the vocal fold. Even though optical coherence tomography (OCT) has been used in the clinical setting, there remains a need for new tools such as SHG microscopy with higher specificity to collagen, and finer resolution to discriminate individual fibers within the scar.
On the other hand, SHG has a fundamental imaging depth limit due to gradually increasing out-of-focus (background) signal when increasing imaging depth to compensate for the losses due to scattering. Recently, the growing interest in performing high-resolution, deep tissue imaging has galvanized the use of longer excitation wavelengths and three-photon based techniques to improve maximum imaging depth of SHG. Our group showed that the maximum imaging depth in porcine vocal folds can be improved by three times by performing third-harmonic generation (THG) microscopy at 1552 nm excitation wavelength compared to SHG microscopy at 776 nm wavelength (Yildirim et al., 2015) . While providing the ability to image at depths beyond 400 mm, THG signal can originate from both collagen and elastin fibers and thus provides a limited specificity to extract 3-D collagen fiber orientation.
To summarize, we utilized Fourier-based orientation analysis and intensity thresholding to determine collagen fiber direction and density, respectively, in 3D SHG image stacks of control and scarred hamster cheek pouches. Our results are promising in that both fiber direction variance (p < 0.05) and fiber density (p < 0.005) are significantly different between control and scarred hamster cheek pouches. We believe that this automatized SHG image analysis method can provide significant feedback on fiber density and alignment in normal, scarred, and surgically or medically treated vocal folds. Also, one could test scar treatments such as biomaterials, drugs or growth factors which will eventually be used to measure treatment outcome in humans.
Conclusion
The aim of this study was to develop an automatized SHG image analysis method to differentiate normal and scarred hamster cheek pouch samples by quantifying collagen fiber direction and density. We utilized Fourier-based methods and intensity thresholding to determine collagen fiber directional variance and density, respectively. The resultant depth-resolved average fiber direction variance was 0.73 AE 0.04 for control and 0.61 AE 0.03 for scarred hamster cheek pouches. This analysis showed that the fiber direction in scarred samples was less random than in control samples. Depth-resolved collagen fiber density was 0.18 AE 0.03 for control and 0.72 AE 0.09 for scarred tissues, respectively. This fourfold difference in collagen fiber density demonstrated, as expected, that the average fiber densities in scarred tissues were remarkably higher than that in control tissues. The method we presented here will guide development of turn-key ultrafast fiber laser-assisted treatment methods for sub-epithelial image guided surgeries, similar to proposed scarred vocal folds treatments currently under development in our lab (Hoy et al., 2008 (Hoy et al., , 2011 (Hoy et al., , 2012 (Hoy et al., , 2014 Yildirim et al., 2013; Ferhanoglu et al., 2014) .
